INTRODUCTION
Controlled human infection (CHI) studies (also known as challenge studies) have a long and illustrious history of advancing the understanding of the pathogenesis, management and prevention of infectious diseases.
(1) The fundamental scientific value of being able to control the nature and timing of infection and interventions in well-characterised human subjects remains unchanged, but it is now greatly enhanced by advances in immunology, functional genomics, microbiomics, pharmacogenetics, pharmacokinetics and pharmacodynamics. CHI studies have thus become a core methodology in modern infectious disease research.
Although CHI studies have been performed since the pre1940s, (2) it is only in the last 10 to 15 years that the methodology has seen a resurgence, driven by the development of new therapeutics and vaccines against a range of organisms. This has in turn advanced the CHI model as a modern tool for attaining a deeper understanding of the pathogenesis of infection, as well as for drug and vaccine development. CHI studies offer an efficient model for the selection of the most promising agents from a diversity of available candidates for further product development, and are increasingly being utilised to efficiently bridge safety and immunogenicity testing and phase II/III efficacy studies. CHI studies not only allow efficacy data to be generated quickly, they also facilitate the identification of good immune correlates, the down-selection of vaccine candidates and early vaccine formulation decisions, thus avoiding unnecessary and costly large-scale trials. Indeed, the cost of a full set of trials (i.e. Phase I-IV) could be as high as $500 million. (3) While the CHI platform will not replace field studies, it can effectively screen the vaccines to take through to field studies.
Procedure for a typical challenge study
We use an influenza challenge to illustrate the procedure for a typical challenge study. A typical CHI study using influenza is usually carried out on healthy adult volunteers who are seronegative to the proposed challenge strain and who fulfill both the stringent inclusion and exclusion criteria. Successful volunteers are enrolled in the study. Depending on the type of study, they may be required to attend a number of screening and vaccination visits prior to the challenge. Volunteers are challenged by intranasal inoculation with a predefined concentration of a well-characterised attenuated virus produced under good manufacturing practices (GMP). Challenge typically occurs within two days of admission to the quarantine unit. Volunteers undergo quarantine for a period of up to 10 days (from admission to discharge), daily nasal washes (for viral load determination), blood withdrawal (for antibody testing, safety and immunology tests), measurement of temperature (up to four times a day), daily medical examinations by the study physician, spirometry (lung function determination), along with recording of their diary cards on a daily basis (for symptom scoring).
The quarantine unit is a controlled environment that allows for monitoring of any clinical signs of the given infection. As safety is paramount in any clinical study, volunteers are closely monitored by staff in the quarantine unit, which consists of study physicians and research nurses. Since influenza viruses naturally circulate in human populations and influenza challenge viruses are derived from naturally occurring influenza viruses, accidental release of a challenge influenza strain into the community is not likely to have any impact. Even so, precautionary measures are still taken to prevent the release of the challenge agent to the community. For instance, all staff working in the quarantine unit have to abide by a scrub-in and shower-out policy, and all items entering or leaving
The potential for a controlled human infection platform in Singapore ABSTRACT For over 100 years, controlled human infection (CHI) studies have been performed to advance the understanding of the pathogenesis, treatment and prevention of infectious diseases. This methodology has seen a resurgence, as it offers an efficient model for selecting the most promising agents for further development from available candidates. CHI studies are utilised to bridge safety and immunogenicity testing and phase II/III efficacy studies. However, as this platform is not currently utilised in Asia, opportunities to study therapeutics and vaccines for infections that are important in Asia are missed. This review examines the regulatory differences for CHI studies between countries and summarises other regulatory differences in clinical trials as a whole. We found that the regulations that would apply to CHI studies in Singapore closely mirror those in the United Kingdom, and conclude that the regulatory and ethical guidelines in Singapore are compatible with the conduct of CHI studies.
Keywords: challenge studies, controlled human infections, ethics, experimental infections, GCP
the unit are decontaminated with 70% (v/v) industrial methylated spirit/distilled water to minimise the risk of other viruses entering the unit or the challenge virus being released to the community. Volunteers are also given a course of antiviral medication prior to being released from the quarantine unit.
Current CHI research worldwide
In Europe and the United States (US), CHI studies are regularly performed using various viruses, bacteria and parasites. Table I shows a list of some of the challenge agents being used in CHI studies worldwide. Globally, the number of clinical trials conducted is on the rise and they are increasingly being conducted in less wealthy countries outside of the US and Europe, where the cost of running trials is substantially lower. (25) CHI studies, however, have yet to be conducted in modern Asia, and as such, Asian populations are under-represented in research that uses this platform. It is our view that there is a compelling case for the CHI methodology to be established locally, as Singapore is unrivalled in the region in terms of its infrastructure, technology, expertise and regulatory environment. These are the requisite qualities that would enable Singapore to fully and safely exploit the enormous potential of CHI studies and to become a world leader in this field. CHI studies require a robust regulatory environment in order to ensure the safety of the infected subjects, protect the subjects' autonomy, and safeguard the staff and general public from onward transmission of infection from the study subjects. Singapore, with its well-defined regulatory and ethical framework governed respectively by the Health Sciences Authority (HSA) and various ethics committees, is in an excellent position to initiate CHI studies.
In this article, we aim to review the ethical and regulatory requirements for conducting clinical trials in the US, Europe and Singapore, with particular reference to controlled human infections, in order to better understand the prerequisites necessary to establish CHI studies in Singapore.
ETHICAL CONSIDERATIONS FOR CHI STUDIES
The need for guidelines in CHI studies has arisen from unethical research conducted in the early 20th century and prior, including studies involving direct inoculation of infectious agents with neither the subject's consent nor any concern for the subject's wellbeing. A classic example of such unethical trials conducted on individuals who had not volunteered for experimentation is the medical (12) Walter Reed Army Institute of Research (16) Information not supplied (13) (14) (15) Riamet, (13, 16) chloroquine (12, 14, 15) Myocardial infarction (12) -the volunteer recovered. Three nonfatal SAEs in the control group were reported in separate subjects. (15) None (13, 14, 16) Respiratory syncitial virus (17, 18) 
During the Nuremberg trials, these and other examples of criminal activity and medical murder masquerading as medical research were highlighted. (27) One such documented case involved an American, Dr Richard Strong, then head of the Philippine Biological Laboratory, who inoculated 24 inmates of Manila's Billibid Prison with a cholera vaccine that had been contaminated with plague organisms, which resulted in 13 deaths. (28) The aforementioned cases and many others have resulted in stringent legislation and regulation surrounding clinical trials. As a result of the numerous Nuremberg trials, the recruitment of volunteers in present-day trials is vastly different from the involuntary recruitment of individuals in these cases. The Nuremberg Code, issued in 1947, was a direct outcome of these trials and contained several stringent principles for conducting research on humans, with an emphasis on voluntary participation and informed consent, which ultimately serves to protect volunteers in all clinical trials. (29) The Nuremberg Code, in turn, led to the development of the Declaration of Helsinki by the World Medical Association in 1964, which set ethical guidelines for human research. (30) The International Conference on Harmonisation (ICH) subsequently used the Declaration of Helsinki as a basis for the development of the Good Clinical Practice (GCP) guidelines. (31) The major difference between CHI studies and traditional clinical trials is the deliberate exposure of volunteer subjects to a pathogenic organism. In challenge studies, 'harm' -in the sense of deliberately seeking to infect a volunteer -is intended and not merely foreseen. Is this morally different from other types of accepted practices of clinical trial? In fact, most clinical trials involve some forms of risk to the participants since many licensed drugs have a known risk of adverse side effects, although at a frequency and severity deemed acceptable when compared to the benefits of the research. Phase I trials have the additional inherent risk of unknown adverse events, and there are no set criteria for acceptable adverse events rates.
The ethics of human challenge studies have been reviewed by several groups. (32) (33) (34) Lynch concluded that "exposure to toxicity versus infection is not itself a morally relevant difference" (33) and thus, there should not be, in principle, any objection to human challenge studies. However, "the risks to the safety of participants (both of the enrolled subjects and the broader public) must not be greater than is acceptable in other forms of research". (35) The above position is reflected in the acceptance of human challenge studies by the European Medicines Agency (formerly European Agency for the Evaluation of Medicinal Products, or EMEA), a European Union (EU) regulatory agency for the clinical evaluation of vaccines, (36) as well as by the US Food and Drug Administration (FDA). (37) CHI studies are generally low risk; the risks are evaluated and reduced such that the expected harm is as small as possible.
(1) Microbes used in the studies are well characterised, cause a self-limiting infection, and usually have a known treatment. Furthermore, volunteers are carefully prescreened for risk factors for severe illness and closely monitored for any adverse events.
INTERNATIONAL CONFERENCE ON HARMONISATION OF GOOD CLINICAL PRACTICE (ICH GCP)
The conduct of clinical trials is subject to GCP guidelines. ICH GCP is an international ethical and scientific quality standard for the conduct of clinical trials involving human volunteers. Governed by EMEA, the ICH GCP guidelines are updated and revised by the working group. These guidelines, developed based on the Declaration of Helsinki, provide a standard for the EU, Japan and the US, and took into consideration the national GCP guidelines of these three countries, as well as those of Australia, Canada and the World Health Organization (WHO). The purpose of the ICH is to ease the acceptance of data by the regulatory bodies in these jurisdictions. (38) Interestingly, the ICH-GCP guidelines do not include several requirements that are part of the Declaration of Helsinki. These include the requirement that the study design be publicly disclosed and the results published, restrictions on the use of placebo controls in developing countries, the disclosure of negative findings to the public, and access to posttrial treatment. This omission has caused some concern, as the FDA no longer follows the Declaration of Helsinki in all trials conducted outside the US, choosing instead to follow the ICH-GCP guidelines alone. There is a possibility that other regulators will follow suit, leading to ethical implications for trials conducted in low-income countries with vulnerable populations. (39) To further compound this, the Declaration of Helsinki was recently revised to increase protection for vulnerable populations based on the premise that they are at a bigger risk of incurring more harm. (40) There are inevitably vulnerable populations in all countries, including Singapore, who could be enticed into taking part in clinical trials for monetary reasons. Despite the importance of recruiting the required subject pool for clinical studies by means of monetary incentives, the onus is on those running the trials to ensure that vulnerable populations are not considered for participation. Volunteers must fully understand the study and agree to participate based on their comprehension of the study, and not solely for the reimbursement. CHI studies typically pay a heavy reimbursement to volunteers as compensation for undergoing the challenge and other procedures, for the many clinic visits, as well as for time away from family and friends during the quarantine period (which allows for a controlled environment and continual monitoring).
Countries such as Singapore, the UK and the US, unlike developing countries, have well-established volunteer recruitment guidelines, ethics committees and clinical trial experience, as well Member States, the Sponsor will submit one application to all Member States involved using the new EU portal system. There will be only one reporting Member State. This reporting Member State will inform the Sponsor, in 10 days, whether that application on review is valid; (b) The application is assessed in two parts by each Member State -the first is a scientific assessment and the second, a national assessment (e.g. the suitability of the study site); (c) Informed consent will be provided to the volunteer by a team member qualified to the law of the Member State and verification that the volunteer understood the information will be sought; (d) Member States must be informed of the start and end of the trial via the EU portal within 15 days; (e) Serious breaches of the protocol or the Regulation must be reported via the EU portal within 7 days of the breach; (f) Member States must ensure there is provision for compensation to volunteers; and (g) A summary report of the data must be submitted within one year of the end of the trial regardless of the trial outcome. (41) The Clinical Trials Directive, which sets out how clinical trials investigating the efficacy and safety of a medicinal product should be performed, was implemented as a law in the UK in 2004 and introduced to harmonise clinical trials across the EU with clear, transparent procedures. The directive requires clinical trials to be carried out in accordance with the GCP guidelines. The GCP Directive supplements the Clinical Trials Directive and supports the legal basis for requiring member states to comply with the principles and guidelines of the GCP, as set out in the ICH GCP guidelines. In the UK, all clinical research facilities are regularly inspected by the MHRA to ensure that they meet these standards. A clinical trial must also have ethical approval from a properly constituted research ethics committee to ensure that ethical standards are met and that volunteers are protected.
Similar to Europe and the US, clinical research activities in Singapore are subject to a regulatory and ethical framework regulated and approved by the HSA and Singapore Accreditation Council (SAC). The ethical evaluation is performed by an ethics committee. The Singapore Guidelines for Good Clinical Practice (SGGCP) was developed by the Health Products Regulation Group (HPRG), HSA. The Medicines (Clinical Trials) Regulations were reviewed and updated in April 1998, and implemented the SGGCP on August 1, 1998. (42) The SGGCP, which was adapted from the ICH GCP, sets ethical and scientific standards for the conduct of clinical trials and assures that results obtained from clinical trials are credible.
Although the guidelines in the aforementioned countries are based on the principles of the ICH GCP, there are still differences and modifications present in each guideline to suit the requirements of each country. (31) For the purpose of CHI studies, the similarities and differences of various ethical principles in Europe, the US and Singapore are summarised in Table I .
DIFFERENCES IN REGULATORY REQUIREMENTS FOR CHI STUDIES
The regulatory requirements for CHI studies vary according to countries. The major difference lies in the requirements for the challenge pathogen. These include differences in the level of release testing required as well as the requirements set by the regulatory agency for the challenge pathogen to be deemed suitable for use before subjects are challenged in a clinical trial.
For instance, FDA considers live organisms to be 'biologics'. A biologic is considered a 'drug' and hence, subject to regulation under federal law (section 351 of the Public Health Service Act and Food, Drug and Cosmetic Act). As such, the challenge organism must satisfy FDA regulations of safety, purity and potency. (43) Challenge strains are, therefore, required to have undergone safety testing and detailed documentation of their provenance and manufacture. In addition the FDA has declared that an "Investigational New Drug Application (IND) is required for challenge studies in which live organisms (e.g., virus, bacteria, or fungi that is modified or wild-type) is administered to subjects to study the pathogenesis of disease or host response to the organism". (37) This is not, however, the position of the European Economic Area (EEA), which considers the challenge agent as a NonInvestigational Medicinal Product (NIMP). (44) This means that it does not fall within the rules for manufacturing of medicinal products, as set out in NIMPs do not have a marketing authorisation in the EU, they have to be manufactured under GMP guidelines, such that they are as safe for subjects as an IMP would be. (44) The challenge virus, once manufactured and having undergone safety testing and released by a Qualified Person, can then be used in a controlled infection trial. (45) Trials such as dose ranging studies to determine the optimal dose of a challenge virus for use in an intervention study do not require MHRA notification or approval.
In Singapore, the challenge virus is not deemed a medicinal product, and therefore, a dose ranging study with just the challenge virus alone would not require HSA approval (information based on personal communication with the HSA). However, other requirements such as a Clinical Trial Certificate may be required, since any CHI study in Singapore is likely to be the first in Asia. As such, HSA's involvement in the first few CHI studies would be paramount. • Label must be in English.
• Label must comply with regulation • IMP batch records retention is ≥ 5 years after completion of the clinical trial (CT) or formal discontinuation of the last study in which the batch was used • Sufficient samples of the IMP and key packaging components must be kept for ≥ 2 years after completion or formal discontinuation • Record retention is 2 years after marketing application is approved.
• Holder of CTC should ensure that records are kept at least for whichever of the following periods expires later: 
CONCLUSION
CHI studies, which are becoming increasingly commonplace, are an efficient research platform for many purposes.
(1) While the regulatory and ethical framework differs between countries, CHI studies are being performed in a carefully controlled and monitored environment such that this platform is a safe and cost-effective way of increasing our knowledge of infections and developing new vaccines and therapeutics. Singapore has the potential to develop this platform, as our regulatory requirements closely mirror that of the UK and the ethical framework is already in place.
